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Abstract

The ANU 500 fdish is the first prototype of a new design geareaards mass production and low
levelised cost of energy. The dish has high qualitycs, with a geometric concentration ratio ab@z2900,

and can be used for a variety of energy converséohnologies. The SG4 concentrator is currenthngei
operated in direct steam generation mode with a ohdre steam receiver. Experimental runs have been
carried out at the receiver design conditions 003C and 4.5 MPa, as well as at lower temperatured
pressures, for periods of up to 8 h of continuopgration. Results to date yield receiver conversion
efficiencies over 90% during quasi steady-stategas: Convection losses are predicted to increagk w
decreasing dish inclination, but the effect on theeiver efficiency is small due to the high comion
ratio. Receiver temperature profiles correlate welith predictions from optical modeling. Work is
continuing on refining the experimental methodolagy collecting on-sun data.
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1. Introduction

The SG4 500fdish system (Figure 1) was completed on the ANimas in 2009 and initial results on its
optical performance were reported at the SolarPAC&Serence in that year and subsequently in [bhg T

design and construction of the system follows comfrearlier ANU big dish designs implemented in
Canberra and for the Ben Gurion University in Isr&ery high concentration levels have been actdeve
with a peak of 14,100 suns and a geometric coratimtrratio of 2240 for 95% capture.

Parameter Value
Mirror aperture area 4897
Focal length 13.4m
Average diameter 25m
Average rim angle 50.1°
Mirror reflectance 93.5%
Number of mirrors 380
Mirror size 1165 x 1165 mm
Total mass of dish 19.1t
Total mass of base and 7.3t
supports

Table 1. SG4 dish specifications

The design brief was for a large-area solar distthvproduces energy at minimum levelised cost whess
produced for large scale arrays. The system degdlages a full sized convex jig on which the disinff
surface members and space frame are assemblegig Tzes multiple adjustable support points, whicsrev



adjusted to an RMS deviation of 0.6 mm from thgetparaboloid. The mirror panels are glued to the
completed dish frame without any alignment adjusttmall mirror panels are approximately sphericaést

fit" curvature. Dishes can be constructed usingepanvith identical radius of curvature (R.O.C.); dr
greater accuracy is desired, panels with two oren®®I1O.C. classes, installed in different sectiohshe
paraboloid, as was done with the JPL Test-bed Gurater [2]. The laminated mirror panel constraoti
produces units which also contribute structurallyhie dish, thereby reducing cost.

The dish design is intended for deployment of langeays rather than one or two units at a site fll scale
direct steam generation (DSG) plant an array dfiefiswould direct steam to a central large steabirter
power block. As well as DSG, the ANU group is istigating energy conversion options involving
ammonia dissociation, receiver mounted Brayton eyehgines, and hydrocarbon gasification using
supercritical steam.

Lo Ny

Fig. 1. An early test involving venting of steam from the SG4 receiver. Later tests have conveyed the
steam to our 50 kWe steam turbine; the new dish isoversized for the current engine, so some venting is
till required.

This paper addresses the direct steam generatiivitias. Experimental runs have been carried duhea
receiver design conditions of 500 °C and 4.5 MRayall as at lower temperatures and pressures.tReésu
date indicate receiver thermal efficiencies in ascef 90% during quasi steady state periods. On-sun
experiments are also being used as an input to limadef two-phase flow within the receiver tubesda
automation of temperature and mass-flow contrq¥|3]

2. Equipment

2.1. Steam receiver and steam engine

The SG4 dish is currently being operated with tineatl Steam generation receiver that was previouséd

on the older 400 MSG3 dish. The higher concentration ratio of ther désh has allowed the same receiver
to be used despite the larger size of SG4. Thensteaity receiver consists of a winding of stedeoiled

to form a cavity with an approximately top hat skdygross section (Figure 2). Feed water entersettever

at the beginning of a conical front section andseai the top of the cavity; the conical sectiorves to
collect spillage outside of the cavity entrancee Bteel tube is comprised of approximately 110 rh6fmm
OD mild steel in the conical section and the stdrthe cavity, and 95 m of % inch stainless staethe
remainder of the cavity. The tubes forming the tagre covered with 200 mm thickness mineral wool
insulation and enclosed with sheet steel.



Fig. 2. Steam receiver on sun. White material isloosely-bound insulation to protect support frame.

High-temperature steam is brought back to the gtotia rotary joints, then transferred to a fouriagéer
steam engine and coupled three-phase generatatri€ity produced by the system was first put ithe
local electrical grid in February 2011. The genaraet has a design capacity of 50 &wWhich was adequate
for SG3, but is insufficient for the full steam tbrom SG4. As a consequence, a variable fractiotie
steam is vented just after the receiver, as showrRigure 1, although, in practice, the amountedtedm
released is much smaller. The vent valve gives smméol over the backpressure seen by the regeiark
is at present being conducted into using the viavautomated backpressure regulation [4].

2.2. Instrumentation

Wind speed is measured by a pair of cup anemomgsitor Instruments Model AN2). One is mounted
5.5 m from ground level in a location 30 m from tdentre of the dish, and was installed to measentgEent
wind speed and (using an adjacent wind vane) direcfThe other anemometer is mounted behind the dish
receiver, with its rotational axis parallel to tves of the dish. It thus primarily responds to tleenponent of
the wind parallel to the aperture plane of the irere(see Section 4.1.). The ground mounted anerteyme
has proven to be a poor indicator of the actuabivgipeed experienced by the dish, based on companitio
readings from the receiver anemometer when theiglishthe park position. The immediate surrounding

the dish are quite built up, with nearby trees)dings, and hills, and the response of the anemamist
significantly dependent on the wind direction.

Type ‘K’ Thermocouples are located throughout theeiver tube windings and give the temperatureilprof
through the receiver. The majority of the thermqaes are welded to the outside of the tubes, on the
insulated side, and thus measure the tube wall éeatyre; a smaller number are inline in stainldssls
sheaths.

Pressure transducers (Yokogawa EJX510A) are locateéle receiver inlet and outlet, as well as aept
points in the system. An Eppley Normal Incidenceheliometer (NIP) is used to measure direct beam
insolation.

Instrumentation is connected to a Yokogawa FAM3gprmmable logic controller (PLC, also used for
controlling the dish), HXS10 Solar Tracker, and MM 1data logger. Yokogawa Fasttools SCADA software
connects to all units and is used for global dagming, generally with logging interval of 2 secend

The reflectance of the dish is measured using er laflectometer built in-house at ANU. The detedto
masked so as to give an acceptance angle equitalérdt of the dish receiver, in order to rejéght which
is scattered by dust particles and which would betincident on the receiver [5][6] Reflectance



measurement is discussed in detail in Section 3.2.1

3. Experimental results

Since the commissioning of the steam engine systene have been approximately 25 days of on-sus, run
ranging from late-summer to mid-winter, with dueatiup to 8 hours.

3.1. Receiver temperature profile

The temperature profile through the receiver iradyestate and transient conditions is being usethén
development and validation of a model of two-phfise in the receiver [3]. Boiling is found to alway
occur in the region of highest flux within the dgv{~600 to 1000 mm from the front of the cavitsgther
than in the front conical section of the receiveigure 3 shows on the same graph a typical temperat
profile during steady state operation and the ptedicumulative flux on the receiver.
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Fig. 3. Measured temperature profile at the tube external ther mocouples (blue curve with data points)
and cumulative flux incident on the receiver derived from Opticad modelling (solid line, y axis
normalised such that full scale representsthetotal incident flux).

Figure 3 shows that the temperature change ofdiguater and superheated steam are linked to tta loc
incident flux per length of pipe where the changexperienced. In the first 120 m of pipe, the deaim
temperature is slight, due to the low amount of alative flux. Around the 125 m mark, liquid water
temperature changes to coincide with the sharase in flux per length. Superheated steam occaua
the 170 m mark and the temperature increases pgthl@re consistent with a relatively even distitou of
the remaining incident flux.

In the saturation region, the slight decrease impterature along the pipe, up until approximatety 170 m
position can be explained by the pressure drop reeqpeed by the fluid as it travels along the 3/4hin
helically-coiled pipe while still in saturation angaining more energy. The temperature drop yields
information about the pressure inside the pipendusaturation and the pressure drop per lengthhief t
boiling process. The boiling region coincides witie region of highest incident heat flux, as can be
expected; this helps to confirm earlier ray-tradiegults.

3.2. Receiver efficiency
The energy conversion efficiency of the steam rexrej.. is here defined as:
_mih

rec

recout hrec,in ) (1)
qrec




where Mis the mass flow ratédy.. otis the enthalpy of the steam out of the recelligg;, is the enthalpy of
the feedwater entering the receiver, apdis the power of the radiation incident on the reme Enthalpy
values are calculated on the basis of measuredetatupes and pressures, which requires sub-coaled o

superheated states at both inlet and outigt. is calculated from the measured insolation and dis
reflectance:

qrec = ypAG (2)

where J is the intercept (capture) fraction for the reeejvo is the average mirror reflectandg, is the

direct normal irradiance (DNI) ané is the un-shaded mirror aperture area of 484Based on lunar flux

mapping [1], more than 99% of the reflected radratis intercepted by the cavity or the outer cohéhe
receiver, and spis set to 1.

Receiver efficiencies should ideally be determinédteady state operating conditions. In an expiai
study on central tower receiver [7], ‘steady statmiditions were defined as a period of at leaghBlutes in
which all relevant parameters (insolation, outeshperature, mass flow rate etc) have only smalatrans
from their mean values during this perio8uch conditions have seldom been attained in mlisk to date.
Steam temperature control is currently implementgdnanual adjustment of the mass flow rate, andh eve
small changes in ambient conditions (such as wieid and direction and insolation) can result istaisie
receiver outlet temperatures. Efficiencies werdeiad calculated for quasi steady-state operatigiogs
defined as at least 5 minutes of operation withlkswaaiation, and no major changes in relevant paters
immediately prior to the period. Measured efficiescare shown in Figure 4, and are in all casestgrehan
90%. The data set is relatively small, as on margasions steady-state was not achieved, eithertalue
ambient conditions or to intentional changes irapaaters such as mass flow rate and back pressuree S
dates also lacked good dish reflectance data amchalr included. The high values of efficiency fed 3

March also appear to poor accuracy in measuremagds) probably from reflectance measurement, oreso
other calibration issue.
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Fig. 4. Receiver efficiency versusoutlet temperature during quasi steady-state conditions. High
calculated efficienciesfor 3-4 Mar are attributesto low-accuracy mirror reflectance data.

A trend of increasing receiver efficiency with degsing operating temperature is expected due teirggl
heat losses. However due to the uncertainty iméflectance measurement (see below) it is not plessd
define a parametric relationship until a largeradsgt is obtained, preferably from runs made whendish
has less variation in reflectance.

! The limits imposed in [7] are +3% for mass flovierand inlet temperature, +2% for power values, and
+1% for other parameters.



3.2.1 Accuracy of receiver efficiency calculations

The majority of the experimental parameters which ased to calculate the receiver efficiency can be
measured with good accuracy, the exception beiaglish reflectance. A statistical study of heliosield
reflectance [8], during a period of one month witholeaning, found that there was no significaniaten

in mirror facet mean reflectances and that reflezgavalues were normally distributed. In contrtstre can

be substantial variation in mirror cleanliness asrthe dish surface, which increases the uncertaint
average dish reflectance. Until recently dish dieguwas manual and carried out relatively infreglyeta
prototype automated dish cleaning device is nowparation), and dust and other soiling (e.g. frand b
droppings) accumulate quite inhomogeneously actlossdish. The mirror surfaces near the dish rim are
generally cleanest, in part because rain is mdeztafe in washing away dirt from these areas witbater
slope.

A thorough study of the SG4 dish reflectance wasglenan one occasion, with 280 measurements made in
the dirtiest region of the dish, which exhibit tigeeatest amount of variation, and a smaller number
elsewhere. A statistical analysis of the distribatof reflectance values was used to determin@t@qol for
reflectance measurement which balanced the timstgde desired level of accuracy. It was founalt th
making 20 randomly-located measurements in eadheothree distinct regions of dish cleanliness giae
95% confidence bound of -1% / +4% (the bounds amequal as the distribution of reflectance is quite
skewed; bounds decrease when the dish is cleanehess is then less variation). This statistical
measurement error is additional to the intrinsimeand repeatability of the reflectometer, théelabeing
approximately £1% when measuring a clean surface.

It is possible that the monochromatic wavelengtdusy the reflectometer does not give a reliablenese
of the solar spectrum weighted reflectance; a studyhe wavelength dependence of dust scatteringdfo
little variation [6], but this is still noted asp@ssible source of error.

Another factor of interest is the pyrheliometerwecy, both in respect of its calibration and repleiity. A
detailed investigation of the accuracy of a nundferadiometers and pyrheliometers found that Eppl&y
units could have up to £1% variation from their mezlibration, with an apparent correlation withaso
zenith angle [9].

4. Discussion

4.1. Receiver efficiency and convection losses

In a computational fluid dynamics (CFD) study ortunal convection from solar cavity receivers it was
found that these losses are approximately linetlr éish inclination [10]. For the steam receiverrently in
use on SG4, at a receiver wall temperature of 450tfe line of best fit to the CFD data points hadope of
0.135 kW per degree of inclinatibrBased on the CFD model (which agrees reasonabllywith a number
of other studies), an inclination angle decreas&@f, for example, produces an increase in theralatu
convection loss of only 4 kW. This represents ob®% of the incident energy; as the reflectance and
insolation cannot be measured to this level of ey and there is also the influence of forcedveation, it

is not possible to reliably determine the inclinatdependence of the receiver efficiency using dellected

at different dates. In an experimental study ohdiased ammonia dissociation system at ANU theveice
efficiency was found to have significant dependenceinclination [11]. However the dish used in the
ammonia experiments (which is 9°1im effective area) had a geometric concentratiatio rof only 300,
which would result in much greater convective Igsas a fraction of the incident energy, in comarit
SGA4.

CFD modelling of forced convection losses from ¢hierent receiver was also carried out by Paitodkanr
[12][13]. It was found that for a dish receiverded convection is primarily driven by the companeithe

2 In reference [10] the receiver is referred to 480m2” as it was originally installed on the SG8tdof that
size. The modelling does not incorporate the detailthe flux distribution incident on the receivand is
still applicable to the use of the receiver on SG4.



free stream wind velocity which is parallel to theerture of the receiver. The “head-on” wind congun
has relatively little effect, in part due to shielgl of the receiver by the dish at low inclinatiorhis
conclusion was also reached in an experimentalysfid], albeit for a receiver of a different geonyet
under laboratory conditions. Forced convection tuhe parallel wind component at moderate spedul$o(
3.5 m/s) produced inclination dependence comparablehat of free convection. However another
experimental study (again under lab conditionseaathan on-sun) of a similar design to the SG4rstea
receiver found the converse result, i.e. that reaevind produces larger forced convection lossé$. [Lhe
effect of shielding by the dish was not consideérefl 5], but this does not fully explain the disgaacy, and
forced convection losses from dish receivers remainarea of ongoing research.

The SG4 dish is designed to track at wind speeds dji m/s; however in practice at the ANU site wied
is usually quite gusty and a more conservativetloharound 5 m/s average wind speed is imposediafe
there is insufficient data to attempt to correlateeiver efficiency or convection losses with wapted.

4.1.1. Convection losses and receiver design dpuedat

As discussed above, receiver convection lossesliffreult to measure in on-sun operating conditioAs
alternative approach is proposed for future receidelopment, in which an experimental progrant lagl
conducted using laboratory-scale models. Convedtigses from model receivers will be simulated in
experiments that create buoyancy differences iraterbased model (by creating variations in sagfjnin
approach that offers the advantage of ready flsumalization and measurement. Further experimerig us
electrically-heated cavities to measure convedding radiative losses are also underway. Photogréipme
based characterisation of the dish surface is baingbined with ray-tracing to produce a more adeuilax
distribution within the receiver cavity. This cap hsed to generate more realistic boundary comditfor
CFD modeling than the assumption of uniform recewall temperature which was used by Paitoonsurikan
[10].

5. Conclusion

The ANU SG4 dish is currently being operated iredirsteam generation mode. On sun runs have been
carried out with receiver temperatures up to 535at@d 4.5 MPa, in runs lasting up to 8 h. Receiver
efficiencies during quasi steady state periodsabimve 90%; however there is significant uncertaintthe
calculation due to relatively poor accuracy in diieh reflectance measurement. Several steps arg takien

to address this, including more frequent cleanifithe dish to reduce the reflectance variation s&rihe

dish and between runs, and further testing andiredion of the existing reflectometer.

Work is currently underway to develop automatedrstegemperature and backpressure regulation. On-sun
experiments are also being used as an input todelnad two-phase flow in the receiver. Further kdale
experiments are planned to allow improved predictibheat loss for cavities of modified geometry.
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